ABSTRACT The first two-dimensional Fourier-transform electron spin resonance (2D-FT-ESR) studies of nitroxide-labeled lipids in membrane vesicles are reported. The considerable enhancement this experiment provides for extracting rotational and translational diffusion rates, as well as orientational ordering parameters by means of ESR spectroscopy, is demonstrated. The 2D spectral analysis is achieved using theoretical simulations that are fit to experiments by an efficient and automated nonlinear least squares approach. These methods are applied to dispersions of 1 -palmitoyl-2oleoyl-sn-glycerophosphatidylcholine (POPC) model membranes utilizing spin labels 1 -palmitoyl-2-(1 6-doxyl stearoyl)phosphatidylcholine and the 3-doxyl derivative of cholestan-3-one (CSL). Generally favorable agreement is obtained between the results obtained by 2D-FT-ESR on vesicles with the previous results on similar systems studied by continuous wave (cw) ESR on aligned samples. The precision in determining the dynamic and ordering parameters is significantly better for 2D-FT-ESR, even though the cw ESR spectra from membrane vesicles are resolved more poorly than those from well aligned samples. Some small differences in results by the two methods are discussed in terms of limitations of the methods and/or theoretical models, as well as possible differences between dynamic molecular structure in vesicles versus aligned membranes. An interesting observation with CSUPOPC, that the apparent homogeneous linewidths seem to increase in "real time," is tentatively attributed to the effects of slow director fluctuations in the membrane vesicles.
INTRODUCTION
Electron spin resonance (ESR) has played an important role in the study of membrane structure and dynamics (Freed, 1987; Marsh, 1985; Devaux and Seignenret, 1985) . The high sensitivity and favorable time scale of ESR, combined with the availability of spin labels closely resembling natural membrane components, permits a detailed physical characterization of the membrane. Unfortunately, the ESR spectra arising from many biological studies are complex and can be misinterpreted if only a superficial analysis has been used. One solution to this problem is performing ESR spectroscopy on macroscopically aligned samples, which provides enhanced spectral resolution and orientation dependence. Then careful spectral simulation enables one to quantify the details of membrane structure and dynamics and how they change as a function of membrane composition and temperature (Kar et al., 1985; Freed, 1984, 1985) . However, for many biologically relevant systems it may not be conveniently possible to prepare macroscopically aligned samples, whereas macroscopically disordered "dispersion" samples containing spin-labeled molecules may readily be prepared. But the superposition of spectra from membrane fragments that are randomly oriented greatly reduces the spectral resolution by analogy to the loss in resolution in x-ray studies on powders versus single crystals. This loss in resolution is a major source of ambiguity in the analysis of the ESR spectra, to which we refer as MOMD (i.e., microscopically ordered but macroscopically disordered) ESR spectra (Meirovitch et al., 1984; Ge and Freed, 1993) .
Another cause of the rather low resolution is the preponderant use of continous wave (cw) ESR spectra, which suffers from significant inhomogeneous broadening, due to proton superhyperfine structure (shfs). This inhomogeneous broadening masks the sensitivity to the homogeneous linebroadening resulting from the motional dynamics even for well aligned samples. In the macroscopically disordered "dispersions" the MOMD effect provides considerable inhomogeneous broadening that further masks the sensitivity to dynamics. In principle, this MOMD effect on the linewidths and lineshapes, and how it varies with hyperfine (hO line, can be utilized to obtain information on the ordering, but it is difficult to deconvolute from the effects of proton shfs as well as broadening from the motional dynamics, even with valiant attempts at detailed spectral simulation (Ge and Freed, 1993) .
TWO-DIMENSIONAL FOURIER TRANSFORM ESR
Our group has been working intensively during the past several years to develop the new two-dimensional Fouriertransform electron spin resonance (2D-FT-ESR) techniques to supply the needed resolution (Gorcester and Freed, 1988; Gorcester et al., 1989a; Gorcester et al., 1990 ; Lee et al., 1993) . In this paper, we wish to report our success in the study of membrane vesicles containing standard spin-labeled lipids and labeled cholesterol. In simple terms, the extra spectral dimension may be utilized to provide the enhanced resolution. However, this does not adequately convey the richness of detail provided by these new techniques.
To appreciate this, we first distinguish two types of 2D-FT-ESR experiments (Gorcester et al., 1990) . The first are the two-pulse experiments of COSY (correlation spectroscopy) ESR (cf. Fig. lc) signal that is obtained is echo-like, because it is refocused by the second pulse (it is the Sc-signal) (Gorcester et al., 1990) . In this experiment, off-diagonal, or cross-peaks appear which are a measure of the magnetization transfer by spin-relaxation processes during the mixing time, Tm. These cross-peaks are frequency discriminated from the auto or diagonal peaks (i.e., the ones that are observed in the COSY ESR experiment). The principal spin-relaxation mechanisms are the intramolecular electron-nuclear dipolar (END) interactions, which lead to nuclear spin-flip transitions (with rate W.) that report on the rate of rotational reorientation, and the Heisenberg exchange (HE) rate, which reports on the bimolecular collision rate of the spin-labeled molecules. (Hubbell and McConnell, 1971 (Popp and Hyde, 1981) designed to provide gas exchange through the semipermeable material and to fit in our bridged loop-gap resonator (Gorcester et al., 1990) . Humid nitrogen gas was used for the temperature control during data collection, and this also served to remove any dissolved oxygen that could lead to spectral broadening.
CSL samples
A measured amount (0.346 ml) of 1.9 mM CSL in chloroform stock solution was added to 50 mg of POPC (in excess chloroform) to yield a 1 mol % concentration of the spin probe. The sample was contained in a 3-mmoutside diameter glass tube. The chloroform was removed by desiccating on the vacuum line for about 24 h, and a small excess of water was added to form a saturated dispersion. The sample was then degassed to a pressure of approximately 1 X 10-4 torr and sealed. In our experience this second method of preparation proved to be more convenient for the 2D-FT-ESR experiments.
2D-FT-ESR experiments
The pulsed ESR spectrometer used in these experiments is described elsewhere (Gorcester and Freed, 1988; Gorcester et al., 1990; Lee et al., 1993) and we mention here only key features for these experiments.
We used three ir/2 pulses with width of 4-5 ns for the ELDOR experiments (cf. Fig. la) . The pulse widths for each set of experiments were determined so as to maximize the FID from a single pulse. It should be noted that a nominal 5 ns ir/2 square pulse (corresponding to 17.9 G microwave magnetic field in the rotating frame) is predicted to provide nearly uniform spectral rotation over a ±50 MHz bandwidth, and for magnitude spectra the "half-amplitude response" bandwidth is ±135 MHz (Hornak and Freed, 1986; Gorcester and Freed, 1988; Gorcester et al., 1990) . However the actual pulse shapes deviate from simple square pulses , so the actual coverage across the whole spectrum from a single -/2 pulse was carefully measured as described by Crepeau et al. (1989) to provide the spectrometer coverage correction factor to the magnitude spectra for each set of experiments, as discussed in the next subsection. A typical coverage profile is shown in Fig. ld .
We collected the FID signal with a spectrometer dead time, td of 67 ns for the 16PC sample and 75 ns for the CSL sample after the third pulse in the ELDOR experiments. The separation between the first two pulses, t1, was stepped with 128 steps of 3 ns from an initial value of 50 ns or 60 ns depending on the signal strength and other factors. The FID was collected as a function of t2 for a total of 256 complex points with an effective step size of 1 ns. This was achieved by automatically interleaving five separate collections, each sampled with 5-ns steps using our two-channel DSP signal averager. These individual collections were offset from 0 to 4 ns relative to the microwave pulses by stepping the trigger to our custom-made, 200-MHz coherent digital clock which provides the timing for the DSP signal averagers (Lee et al., 1993) . Sixty-four points were collected for each of these intermediate collections, and the signals were interleaved in the DEC 11/73 computer. A 32-step dual quadrature phase cycling sequence modified from the 16-step sequence of Gamliel and Freed (1990) in the full data set.
In preparation for the nonlinear least squares fitting of the data to the theoretical simulations, a double Fourier transform of the data set was calculated. The magnitude spectrum was used to avoid having to make corrections for phase variations across the 2D ESR spectrum, which result from the finite dead times and the use of microwave magnetic fields of finite strength (Gorcester and Freed, 1988; Gorcester et al., 1990; Patyal et al., 1990; Lee et al., 1993) . This was performed for both the S'_ and S,+ combinations of the dual quadrature data. These spectra were then corrected for the spectrometer coverage (noted above) that was determined from a set of single-pulse FID data collections for a range of different magnetic field values to cover the whole spectrum (cf. Fig. 1d ). The coverage was expressed as a function C(f2), varying from 1.0 near the center frequency and decreasing for higher or lower frequencies. Typically it was no lower than 0.85-0.9 at the outer frequencies. For the two-pulse SECSY and COSY (and the three-pulse ELDOR experiments), the first (and second) pulses were also corrected for coverage using this function as C(f2). (In utilizing the same function to correct the coverage of the first two pulses, we are assuming that the dominant reason for imperfect coverage is the finite magnitude of the microwave magnetic field in the pulse. The observed FID signal actually has an additional correction to coverage due to the finite bandwidth of our (Q 40) loop-gap resonator, but we found no significant change in our results when we approximately corrected for this).
Nonlinear Least Squares Simulations
The spectra were analyzed to obtain the ordering, rotational, and translational dynamics using the 2D-FT-ESR spectral simulation theory and computer programs of Lee et al. (manuscript in preparation) which are based on the stochastic-Liouville theory for time domain ESR that has been reviewed by Schneider and Freed (1989) . The fitting of the experiment by the theory was performed using a NLLS procedure, analogous to those utilized for cw ESR (Crepeau et al., 1987; Shin and Freed, 1989) , to obtain the optimum parameters, which we describe below.
The rotational mobility of the spin-labeled molecules is characterized by the rotational diffusion constants, RI and RI,, which represent the principal values of an axially symmetric rotational diffusion tensor. For 16PC and CSL they represent motion parallel and perpendicular to the preferred orientation of the long-hydrocarbon chain, and the long molecular axis, respectively. For 16PC they represent a simple approximation to the complex internal modes of motion of the chain as well as the overall motion (Ferrarini et al., 1989 The values of the magnetic tensorA used were A. = Ay = 4.9 G,Az = 33.0 G for 16PC, andAx = 5.6,Ay = 5.3,Az = 33.8 G for CSL (Shin and Freed, 1989) . For the g-tensor we used g. = 2.0089, gy = 2.0058, g, = 2.0021 for 16PC and g. = 2.0081, gy = 2.0061, gz = 2.0024 for CSL (Shin and Freed, 1989 T',1 representing additional broadening mechanisms (see Results and Dis- cussion). The simulations also include the effect of the dead times in t1 and t2 which were fixed at the experimentally measured values. The effect of the finite pulse widths was approximated by measuring t1, t2, and Tm from the midpoints of each pulse. For t1 and t2 this may be regarded as a small correction to the dead time (i.e., 4-5-ns pulse widths vs 50-75-ns dead times).
(The theoretical analysis of our experiments showed that the spectral modes that determine the spectrum exhibited decay constants (i.e., effective T2 values) of approximately 50-100 ns, which are long compared to the pulse widths.)
The first step of the NLLS simulation was to choose reasonable starting values for 2 E2, 4 oR, R.., and OHE. The fitting procedure consisted of several iterations by a Marquardt-Levenberg algorithm that was accelerated by the inclusion of the "trust-region" algorithm (More, 1977) until a minimum in the least squares was achieved. We simultaneously fit the set of 2D ELDOR spectra obtained for a series of mixing times, Tm, as well as both the Sc_ and Sc, spectra when available, to obtain the optimum parameters.
In fitting a set of 2D spectra with different mixing times, the electron spin relaxation rate, We, is also determined implicitly. Note that the COSY-ESR experiment is formally equivalent to the 2D ELDOR experiment with Tm = 0; so in the case of the CSL study, both 2D ELDOR and COSY ESR were fit simultaneously. The quality of the overall fit to experiment that we are able to obtain is illustrated in Fig. 2 cussing. This leads to a higher intensity of the S, signal and subtle differences in peak shapes. For In a vesicle each bilayer segment has a different orientation of its local director. Consequently, the spectrum from each has slightly different hyperfine and g values, resulting in a broadening of the hyperfine peaks. This MOMD effect leads to an asymmetry in the shape of the peaks, because we have more segments perpendicular to the dc-magnetic field than parallel to it. For example, in Figs. 6 and 7, the outer auto peaks are asymmetrically broadened along the auto peaks, i.e., along the negative diagonal in the S,-Potentially, the shapes of the cross-peaks in 2D ELDOR can be used to separate MOMD-type inhomogeneities from other sources of 1 6PC results inhomogeneous broadenings. Also CSL shows a greater MOMD effect than 16PC that points to the greater ordering A summary of the optimum parameters obtained from NLLS in CSL (i.e., higher potential coefficients).
fits appear in Table 1 . These were obtained by simulta- (Continued) neously fitting the whole series of mixing times, Tm, as well as the SC_ and the SC+ spectra. The minimum set of parameters with which we could achieve good fits included the average rotational diffusion coefficient R = (RI, X R2 )1"3, the Heisenberg exchange rate wHE, the additional homogeneous linebroadening term T2e1, and the Gaussian inhomogeneous broadening of width A. In initial simulations, we found that the results were very insensitive to the rotational anisotropy parameterN = R 1/R . We therefore set N = 1, as is customary for fitting cw ESR spectra from aligned samples of this spin 1 499 Crepeau et al. label (Kar et al., 1985; Shin and Freed, 1989) . We also found that because of the low ordering it was sufficient to utilize only one term, E2, in the expansion of the ordering potential.
The relative insensitivity to E2 has been found in previous analyses of the cw ESR spectra (Kar et al., 1985; Shin and Freed, 1989) . The Gaussian inhomogeneous broadening is seen to be relatively small (approximately 0.3 G) with little temperature variation. R, the average rotational diffusion coefficient is seen to increase from 250C to 450C (cf. Fig. 8a ). (There is a slight decrease on going to 550C. We believe this resulted from a tendency of the sample to lose water through the TPX sample cell at this temperature, which is a deficiency of this type of cell.) The wHE rate was too small to fit accurately at the lower temperatures but could be measured at 450C and 550C. The potential coefficient, E2, shows a monotonic decrease indicating reduced order at higher temperatures (cf. Fig. 8b ), and this is also true for S, the order parameter which is obtained from E2. A substantial 1/Ta was found, but with an unclear temperature dependence.
Shin and have published results of analyzing cw ESR spectra from oriented samples of 16PC/POPC. However, their samples were at a lower water content (17 weight%) compared with the present study (24 weight%). Our values ofR are quite similar but a little higher (20-50%) as would be expected for the more fluid higher water content (Shin et al., 1993) . Also they show a similar temperature dependence. A comparison of the values of the order parameter S again shows similar trends with temperature, but our 2D ELDOR results on vesicles are about a factor of 2 smaller. Some reduction in S is expected with the increased water content (Shin et al., 1993 ), but we cannot rule out possible differences between vesicles and ordered multilayers, as monitored by the end chain label. Considering these matters we regard the overall comparison as a favorable one. The interpretation of the observed homogeneous T`1 is not entirely clear at present. It may, in part, result from inadequacies in the simulation model, e.g., a needed Lorentzian inhomogeneous broadening component, because for convenience we have assumed a simple Gaussian inhomogeneous broadening component (and it is small). T`1 is the order of 0.5-1.0 G, rather typical of the extra inhomogeneous broadening from fits of cw ESR spectra. Nevertheless we do wish to call attention to a possible important source of homogeneous broadening. The HE contribution to the width is included automatically in fitting cHE. However, it is not the only source of cross-relaxation and line broadening resulting from the collision of spin labels. One must also include the electron-electron dipolar (EED) interactions (Nayeem et al., 1989) . In fact, in a study of concentration-dependent broadening in 16PC/POPC, both the HE and EED were found to contribute roughly a comparable amount to the concentration-dependent linewidths (Shin et al., 1991) . More precisely, one finds that wHE should be replaced by wEx = wHE + wEED and an additional linewidth contribution to T-1 from the EED mechanism (not included in the simulations) would be given by 17wEED/3 (Gorcester and Freed, 1988; Nayeem et al., 1989) . Thus our results for T`1 could simply rationalized be as due to IEx SEED (i.e., WEED > WHE instead of the expected wEED -JHE). Although such matters would require a careful study as a function of spin label concentration before reliable conclusions are to be drawn, there remains a significant point to be made. By means of 2D ELDOR, in which )Ex is obtained from the cross-peak intensities, and the concentration-dependent contributions to T-1 are also measured, one should be able to separate the AH and wEED terms, a point that has previously been made (Gorcester and Freed, 1988) . Finally, in this context we note that we have determined T`e1 = 2W, and found it to be 1.0 ± 0.2 ps-over the temperature range studied. Although it would contribute to T-1, it is only a small fraction of its observed value.
We now wish to comment on the accuracy and reliability of the NLLS fitting of the 2D ELDOR data. One question in using NLLS fitting is whether the same final parameters are obtained after iterating from different seed values. We have tested this, and we find excellent convergence to better than 0.1% in all fitting parameters, consistent with the nominal Table 2 ). We do not find very substantial statistical correlation, except for that between T-1 and wHE (which in our experience is not too large). Also, we find these correlations are generally less than those observed from fits of aligned cw ESR spectra. Of somewhat more concern are the systematic errors, such as trying to fit the data to an imperfect model. For example, in the different context of fitting aligned cw ESR spectra for various tilt angles of the bilayer normal relative to the dcmagnetic field axis, some variation in optimum parameters is typically found when each tilt angle is separately fit (see below). Such discrepancies are probably due to simplifications in our model for ordering and molecular dynamics. In the present case of 2D ELDOR MOMD spectra, we find some systematic discrepancies between the optimum parameters obtained from separately fitting the S, and the Sc_ spectra. Although these can be as large as a factor of 2, the temperature-dependent trends of the parameters are nevertheless very similar. The fits from the SC_ spectra are found to be very close to those from the combined fits, and these SC_ fits are regarded as the more reliable because of their much better signal-to-noise ratio and better This discrepancy can be partially explained in the following way. In fitting cw ESR spectra from aligned samples for the bilayer axis both parallel and perpendicular to the dcmagnetic field, it is the parallel orientations that are found to weigh more in such simulations. However, we do find that aligned CSL samples with the bilayer axis perpendicular to the magnetic field are better fit with S about 15-20% higher. It is these perpendicular (and generally nonparallel) orientations that are weighted much more heavily in the averaging leading to a MOMD spectrum. (This effect is much less important for 16PC, because its ordering is much less.)
Additionally we find that the more well aligned a sample is, the higher are the order parameters obtained from simulations. Small imperfections in alignment of samples can reduce their apparent values of S. Finally, we do note that there could be differences in the ordering of sterol molecules like CSL in vesicles as compared with oriented multilayers, but further work would be required to distinguish this from other factors.
We now turn to the accuracy and reliability of fitting the 2D ELDOR and COSY data for CSL. The NLLS error ) by replacing t2 -* t1 + t2, which yields the equivalent of the SECSY-ESR spectra.
After Fourier transforming with respect to the new t2vari-able, the exponential decays in t1 lead to the homogeneous T2 values. The equivalent axis transformation on the S_ 2D ELDOR signal enables one to extract the analogous T2 values from the auto peaks. We find that these "apparent" T2 values are increasing linearly with the mixing time, Tm. This is illustrated in Fig. 10 for the central auto peak at three different temperatures. This effect seems to be increasing with increasing temperature. A similar trend, although less pronounced, was found for the higher frequency auto peak. (The intensity, hence the signal-to-noise ratio, of the lowest frequency auto peak was too low over the entire temperature range to conduct this analysis.) An attempt was made to extract such an effect from the 16PC/POPC data (which included the SECSY ESR spectrum), but its limited accuracy and the few mixing times studied precluded such an analysis.
Observations similar to these were actually made by solidstate 2D ELDOR studies on malonic acid single crystals (Lee et al., 1993) . These results were rationalized as possibly due to modulation of the amplitude and/or orientation of the proton hf and g-tensors by low frequency phonon modes. We suggest that the present observations are due to fluctuations in the direction of alignment of the lipid (and sterol) molecules in the vesicle, i.e., collective director fluctuations. This mechanism is known to make a significant contribution to spin relaxation in nuclear magnetic resonance studies of membranes (Mayer et al., 1988; Watnick et al., 1987) . However, they are too slow to contribute to the ESR T1 and T2 values (Polnaszek and Freed, 1975) . In our present interpretation, one is observing the "real-time" motion of a spin label with the director orientation T slowly changing to a new orientation T' or else the label is diffusing into a region with director orientation P'. Because this entails a slight change in the ESR resonant frequency, an "exchange crosspeak" appears. But because there is a continuum of values T' that however are close to T in value, the cross-peaks appear as an apparent increase in the broadening of the auto peaks versus Tm. Such a real-time observation of ESR, fitted by NLLS spectral simulations involve subtle differences in detail and analysis, a study of dynamic molecular structure of membrane vesicles versus lamellar multilayers would be performed best by comparing 2D-FT-ESR results on both types of samples. 4. There is some indication that collective dynamics, such as director fluctuations in membrane vesicles, can be studied in "real time" by 2D ELDOR.
